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We present a theoretical study of the measurements of photoinduced force microscopy (PiFM)
for composite molecular systems. Using the discrete dipole approximation, we calculate the self-
consistent response electric field of the entire sample including the PiFM tip, substrate, and compos-
ite molecules. We demonstrate a higher sensitivity for the PiFM measurement on resonant molecules
than by the previously obtained tip-sample distance dependency z−4 owing of the multifold enhance-
ment of the field between the localized electric field induced at the tip-substrate nanogap and the
molecular polarization. The enhanced localized electric field induced at the tip-substrate nanogap
in PiFM allows high-resolution observation of the forbidden optical electronic transition in dimer
molecules. We investigated the wavelength dependence of PiFM for dimer molecules and obtained
images at incident light wavelengths corresponding to allowed and forbidden transitions. We re-
veal that these PiFM images drastically change with the frequency-dependent spatial structures of
the localized electric field vectors and resolve different types of nanoparticles beyond the resolution
for the optically allowed transitions. This study demonstrates that PiFM provides multifaceted
information based on microscopic interactions between nanomaterials and light.
I. INTRODUCTION
Localized surface plasmon (LSP) resonance generated
in metallic nanostructures induces a strongly enhanced
electric field, which has been employed to realize a variety
of functions, such as highly sensitive biosensing1, hot car-
rier generation2, and optical trapping of nanoparticles3.
The LSP-related effects are expected to contribute not
only to creating next-generation nanotechnologies but
also to the understanding of fundamental physics by
probing nanoscale optical responses. One of the peculiar
effects in the optical response induced by LSP resonance
is the breakdown of the long-wavelength approximation
(LWA) at the single molecular level, wherein the optical
forbidden transition occurs owing to the spatial variation
of the electric field at the nanometer-scale. For example,
the excitation of quadrupole-like polarization of single-
walled carbon nanotubes4 and the 2s-3d forbidden tran-
sition in a hydrogen atom5 have been reported. Among
various types of electronic transitions in nanostructures,
most transitions are optically forbidden, whereas the al-
lowed transitions are particular ones whose associated
polarization patterns are nearly structureless. However,
in various types of optical processes and photochemical
reactions, the electronic levels that cannot be reached by
the one-photon optical transition presumably play signif-
icant roles. Therefore, unveiling and controlling forbid-
den optical transitions of nanostructures or at the single-
molecular level will enhance the degrees of freedom in the
design of optical functions of materials.
To understand the optical response of individual
nanostructures, it is crucial to elucidate the micro-
scopic interaction between the near-field light and mat-
ter. Scanning near-field optical microscopy (SNOM)6–9,
tip-enhanced Raman spectroscopy (TERS)10,11, and two-
photon-induced photoluminescence (TPL)12,13 are pow-
erful tools for investigating near-field distributions be-
yond the diffraction limit of light and optical processes of
individual nanostructures. However, these techniques de-
tect the scattered light propagating from the sample into
the far field through the interaction between the near-
field light and targeted materials and do not observe the
near-field light itself. Further, the resolution of aperture
SNOM and TPL employing SNOM system is limited ow-
ing to the collection and the propagation losses in the
optical fiber. Contrarily, photoinduced force microscopy
(PiFM)14,15 detects optical interactions at the nanome-
ter scale as local forces in the near-field, which do not
suffer from any type of photo-signal attenuation. Thus,
this technique is promising for directly detecting mat-
ter near-field interactions at high resolutions. Moreover,
PiFM has no difficulties regarding the resolution, such
as background scattered light or the losses mentioned
above. Theoretical and experimental studies of cantilever
dynamics revealed the nanometer scale sensitivity of pho-
toinduced forces to the tip-sample distance owing to the
gradient force component16. Furthermore, it was demon-
strated that the combination of mechanical eigenmodes
and laser modulation frequency provides images with
clearer contrast17. Recently, the heterodyne frequency
modulation (heterodyne FM) method18,19 was used for
PiFM measurements in ultrahigh vacuum to remove pho-
tothermal oscillations and achieve high-resolution imag-
ing of less than 1 nm20. Additionally, PiFM can acquire
2information on samples through their specific linear and
nonlinear optical responses. For example, optical force
measurements by atomic force microscopy for the detec-
tion of nonlinear optical signals have been theoretically
studied21. Further, the selective detection of particular
chemical species in the sample22 and the analysis of fea-
tures of buried components23 were performed through
the resonant optical responses of samples.
Notably, PiFM can potentially acquire information on
photo-excitation processes, including forbidden optical
transitions. As discussed in theoretical studies24,25, mul-
tifaceted information of excited states of nanostructures
can be obtained as a spatial map of induced forces in
high resolution under an electronic resonance condition
by using the degrees of freedom of incident light, such as
polarization, frequency, and wave-vector (incident angle).
Presently, more elaborate studies of such capabilities are
desired, assuming modern PiFM techniques. Thus, the
purpose of this study is to elucidate the possible sensitiv-
ity, resolution, and information we can acquire when the
state-of-the-art PiFM technique20 is applied to observe
forbidden optical transitions. In Ref.20, we numerically
simulated the PiFM measurements of a dumbbell-shaped
quantum dot26, whose spatial structures of electronic
schemes were designed especially to achieve high perfor-
mance of the photocatalytic function. Using the discrete
dipole approximation (DDA) method27, we calculated
the total response electric field self-consistently with in-
duced polarization and investigated the forces acting on
the tip, treating the strongly enhanced LSP in the metal-
lic nanogap region. Consequently, we successfully repro-
duced the frequency-dependent three-dimensional force
vector map reflecting the functions of the targeted sam-
ple and elucidated the mechanism of achieved resolution
in the above experiment. In this study, we extend our
model system to measure the composite molecules and
discuss the information obtained for the relevant cases.
II. MODEL AND THEORY
Here, we assume that the dimer molecule has four
kinds of optical transitions according to the type of inter-
action between its dipoles; these are, in the order from
lower to higher energy: allowed bonding (AB), forbid-
den bonding (FB), allowed antibonding (AA), and for-
bidden antibonding (FA) states (See Fig. 1(a)-(c)). The
optical-allowed transitions are associated with the states
in which the dipoles on each molecule are in the same
phase, and conversely, the optically forbidden transitions
are associated with the states where the dipoles are in the
opposite phase. The latter transitions cannot be induced
optically under the LWA condition. However, when the
dimer molecule is in the vicinity of the metal nanogap,
the transitions become possible due to a steep electric
field gradient28. We clarify the incident photon energy
dependence of PiFM measurements for dimer molecules
and reveal that completely different PiFM images can
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FIG. 1. (a) Model geometry of dimer used in calculation. (b)
The dimer is represented by two aligned cells, whose suscep-
tibilities are given by the Lorentz model in DDA. (c) Spectra
of the induced field intensity at a monomer (black line) and
a dimer (red line) in vacuum. The induced field intensity was
normalized by the incident field intensity. Vertical lines rep-
resent the energies of the allowed bonding (AB), forbidden
bonding (FB), allowed antibonding (AA), and forbidden an-
tibonding (FA) states of the dimer. In vacuum, the dimer
can be excited at the energies of the AB and AA states under
the LWA condition. The circles above the spectra represent
dimers, and the arrows in the circles indicate the directions of
the dipoles. (d) Schematic of PiFM model. We approximate
the metal-coated tip to the gold sphere.
be obtained for each transition under non-LWA condi-
tions. The different images reflect specific spatial struc-
tures of the three-dimensional polarization for different
transitions enhanced by LSP, induced between the tip
and the substrate.
We calculated the self-consistent total response elec-
tric field induced in a nanogap made of a metal tip, a
quantum dot, and a metal substrate using DDA. The
3following equations were used for the calculation:
E(ri, ω) = E0(ri, ω) +
∫
V
drjG(ri, rj , ω)P (rj , ω), (1)
P (ri, ω) = χ(ri, ω)E(ri, ω), (2)
whereE(ri, ω) andE0(ri, ω) represent the total response
field and the incident field, respectively; i is the number
of cells at the coordinate ri, and ω is the angular fre-
quency of the electric field. G(ri, rj , ω) is the free-space
Green function propagating in both the transverse and
longitudinal electromagnetic fields. P (rj , ω) is the po-
larization of the j-th cell, and the integral of the second
term in Eq. (1) represents the field at the i-th cell propa-
gated from the polarization at the j-th cell, and V is the
volume of one cell. χ(ri, ω) is the optical susceptibility.
We assume that the gold-coated tip is a gold sphere
with a diameter of 19 nm, and the gold substrate is a gold
thin film with a size of 143 × 143 × 9 nm3, as depicted
in Fig. 1. The metallic structures are assumed to have a
Drude-type susceptibility with the parameters of Au,
χAu(ω) =
1
4π

ǫAu − ǫ0 − (~ωAu)2
(~ω)2 + i~ω
(
γbulk +
~VF
Leff
)

 ,
(3)
where ǫAu is the background dielectric constant of the
metal, and ǫ0 is the dielectric constant of vacuum. ωAu
is the bulk plasma frequency, and γbulk is the electron re-
laxation constant of bulk gold; VF is the electron velocity
at the Fermi level; Leff is the effective mean free path of
electrons comparable to the size of the tip diameter.
Regarding the nanoparticles, we assign one cell in DDA
to one particle with a size of 1 nm3 that assumes the
following Lorentzian-type of susceptibility:
χnp(ω) =
1
4π
[
ǫnp − ǫ0 −
|µ2|/Vnp
~ωnp − ~ω − iγnp
]
, (4)
where ǫnp, µ, Vnp, ~ωnp, and γnp are the background
dielectric constant, dipole moment, volume, resonant en-
ergy, and damping constant of the nanoparticle, respec-
tively.
The photoinduced force acting on the tip is obtained
by the following formula:29
〈F (ω)〉 =
1
2
Re
[∫
Vt
dri(∇E
∗(ri, ω)) ·P (ri, ω)
]
, (5)
where the integral is performed over the volume of the
tip Vt.
III. SENSITIVITY AND RESOLUTION OF
PIFM
To reveal the sensitivity of PiFM, we calculated the
photoinduced force spectrum and the force curve. We
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FIG. 2. Spectra. (a) Spectra of the absorption cross-section
of NP1 (red line) and NP2 (green line) in free space. (b)
Photoinduced force spectra for the tip on NP1 (red line), NP2
(green line), and gold film (black line).
used the following parameters for the gold structure:
ǫAu = 12.0, ǫ0 = 1, ~ωAu = 8.958 eV, γbulk = 72.3 meV,
~VF = 0.922 nm · eV, and Leff = 20 nm
30. We assumed
that p-polarized and 10 kW/cm2 plane wave light illu-
minates the sample at an angle of 70◦ as the incident
laser. We consider nanoparticles, whose resonant ener-
gies are ~ωnp = 2.0 and 2.1 eV, and the dipole moment
10 debye, which is similar to the value for porphyrin-
based dye molecules31,32, with the parameters ǫnp = 1.5,
γnp = 5 meV and Vnp = 1 nm
3. We call them NP1 and
NP2, respectively.
In Fig. 2(a), the red and green solid lines represent the
spectra of the absorption cross-section for the presence
of only one nanoparticle NP1 and NP2 in the free space,
respectively. The absorption cross-section was previously
defined by33
σabs(ω) = 4π
ω
c
∫
Vnp
dri
|E(ri, ω)|
2
|E0(ri, ω)|2
Im[χnp(ri, ω)]. (6)
A. Wavelength selectivity of PiFM
Fig. 2(b) shows the photoinduced force spectra de-
tected by the PiFM tip. The red and green lines repre-
sent the spectra for the presence of only one nanoparticle
NP1 and NP2 on the substrate, respectively. The center
of the tip is just above the nanoparticle and tip-sample
distance d, defined as the distance between the tip surface
and nanoparticle surface, at 1 nm. The peak positions
are red-shifted to 1.990 and 2.088 eV owing to interaction
with the LSP. The black line represents spectrum on the
4ztip − znp [nm]
p
h
o
to
in
d
u
ce
d
 f
o
rc
e 
[f
N
]
without NP
NP1
NP2
z−4
z−2
FIG. 3. Force curves of PiFM. The attractive force is plotted
on a logarithmic graph as positive. Red and green markers
represent the force curve on nanoparticles NP1 and NP2, re-
spectively. The black markers represent forces on the gold
substrate, which are overlapped by green markers. The pho-
toinduced force is proportional to z−4 for short distances and
z
−2 for long distances. For NP1, the force curve does not
follow the z−4 law because of the influence of the resonance
and becomes even steeper in the near range.
gold substrate, i.e., in the absence of nanoparticles. The
plasmonic resonance of gold yields a broad spectrum.
Fig. 3 shows the force curve of the photoinduced force
at laser photon energy ~ω = 1.990 eV. The horizontal
axis depicts the distance between the position of the cen-
ter of the tip ztip and the nanoparticle znp. The red,
green, and black markers represent the force curve on the
NP1, NP2, and gold substrate, respectively. The diame-
ters of the tip and the nanoparticle were 19 nm and 1 nm,
respectively, and they contacted at ztip − znp = 10 nm
(d = 0 nm). However, because the cell size of the DDA
is set to 1 nm3 cubic, d cannot be below 1 nm in this
calculation. For a long distance, the force curve follows
z−2 lows owing to the Coulomb force. The photoinduced
gradient force is proportional to z−4 by approximating
the tip and sample as two point dipoles16,34. In this sit-
uation, the laser photon energy is close to the resonant
energy of NP1, and the force curve of NP2 is proportional
to z−4, as in the case of the gold substrate (the absence
of NP) for a short distance. Contrarily, the force curve
of NP1 does not follow the z−4 law and becomes even
steeper in the near range (ztip − znp < 13 nm) owing to
multiple enhancements in the field between the LSP in
the nanogap and the polarization of the NP1 resonance.
This indicates that PiFM has high sensitivity for the res-
onance of target materials.
B. Distinguishing different nanoparticles
We show that PiFM is advantageous in detecting the
presence of nanoparticles, as well as the structure and
physical properties of the surface of the sample. This
leads to the identification of defects and impurities within
the sample and its surface, as well as the chemical com-
position and optical response of the sample molecules.
We obtained the PiFM image by scanning the tip at a
height of 1 nm from the nanoparticles. Fig. 4(a) shows
a PiFM image of one nanoparticle (NP1) with laser pho-
ton energy ~ω = 1.990 eV. The incident direction of the
laser shifts from positive to negative on the y-axis at an
incident angle of 70◦ and p-polarization. The red square
in the figure represents the position of the nanoparticle.
The color map represents the z-axis component of the
photoinduced force acting on the tip. The force profile
on the line in Fig. 4(a) is shown by the red line in Fig.
4(e). The PiFM resolution is below 10 nm at full width
at half maximum. This resolution is proportional to the
tip diameter. Fig. 4(b) shows a PiFM image in the case
where two same kinds of nanoparticles (NP1) are aligned.
The distance between the two nanoparticles is about 4.24
nm (diagonal length of three cells). The force profile on
the line is shown by the yellow line in Fig. 4(e). As men-
tioned above, the resolution is approximately 10 nm, such
the force profiles overlap, and PiFM cannot differentiate
between the two nanoparticles.
However, if two different types of nanoparticles are
aligned, we can differentiate between them by PiFM.
Fig. 4(c) and (d) show PiFM images of two differ-
ent kinds of nanoparticles with laser photon energies of
~ω = 1.990 and 2.088 eV, respectively. The red square
represents nanoparticle NP1, and the green square rep-
resents nanoparticle NP2. In the case of laser photon
energy ~ω = 2.088 eV, NP1 can be measured (Fig.
4(c)). Contrarily, in the case of the laser photon en-
ergy ~ω = 1.990 eV, NP2 is measured (Fig. 4(d)). Fig.
4(f) shows the force profiles of each laser photon energy.
These results imply that PiFM can distinguish different
types of nanoparticles beyond the resolution of the tip
diameter by tuning the wavelength of the incident laser.
The wavelength selectivity of PiFM can be used to help
identify chemical modifications on the surface of protein
molecules35. PiFM also has the advantage of being able
to observe buried materials23, which could play a role, for
example, in detecting interlayer impurities in nanoparti-
cle multilayered optical devices, assessing the structure
of the underlying layers, and identifying chemical species
adsorbed within the porous medium.
C. Damping constant dependence of sensitivity
We show the damping constant dependence of the pho-
toinduced force spectra in Fig. 5. Their resonance ener-
gies are ~ωnp = 2.0 eV, and the damping constants are
γnp = 1, 5, 10, 50, and 100 meV. As the decay constant
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FIG. 4. PiFM images. (a) Single nanoparticle PiFM image.
The red squares represent the positions of the nanoparticles.
(b) Image of two aligned nanoparticles. (c) and (d) show
images for different types of nanoparticles with different res-
onant energies aligned. The incident direction of the laser
shifts from positive to negative on the y-axis at an incident
angle of 70◦ and p-polarization. The laser photon energies
are 1.990 eV for (a), (b), and (c) and 2.088 eV for (d). (e)
depicts the force profiles of (a) and (b), and (f) depicts the
force profiles of (c) and (d). The pale-colored bands of red,
yellow, and green represent the positions of nanoparticles.
of the nanoparticles decreases, the peaks become larger
and narrower.
Even when the damping constant is large, if the two
energies are sufficiently far apart such that the peaks of
the photoinduced force spectrum do not overlap, they can
be observed selectively, albeit with low sensitivity. Nat-
urally, it is desirable that the line width of the sample
is sharp for the PiFM measurement with high sensitivity
and high selectivity. At low temperatures, the scanning
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FIG. 5. Damping constant of nanoparticle dependence of the
photoinduced force spectrum. The dashed black line repre-
sents the absence of nanoparticles, and the solid colored lines
depict nanoparticles with damping constants γnp= 100, 50,
10, 5, and 1 eV. The resonance energy of the nanoparticles is
at 2.0 eV, and as the damping constant decreases, the peak
appears.
tunnel luminescence peaks of the dye molecules have line
widths of a few µeV36. In this case, PiFM allows us to
distinguish various molecules and observe various vibra-
tional levels.
IV. OPTICAL RESPONSE OF ALLOWED AND
FORBIDDEN TRANSITIONS OF A DIMER
In this section, we analyze the PiFM measurements of
a dimer. We model the dimer as two aligned monomers,
whose susceptibilities are described by the Lorentz model
Eq. (4) with dipole moment µ = 10 debye and resonance
energy ~ωnp = 2.0 eV. Two monomers are coupled with
each other via the dipole interaction and form a dimer
that can assume four excited transition states: AB, FB,
AA, and FA states28. For clear energy splitting, we as-
sume the damping constant in susceptibilities to be γnp
= 0.5 meV. We show the absorption cross-section of the
dimer in free space in Fig. 1 (c). The bonding and an-
tibonding states of the dimer appear symmetrically split
from the resonance state of the monomer. In the LWA,
the states with the same phase of dipoles are allowed and
forbidden when the dipoles are in the opposite phase. We
show that completely different PiFM images can be ob-
tained for each transition energy of the incident laser.
These PiFM images reflect the three-dimensional struc-
ture of the local electric field vectors.
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FIG. 6. (a) Schematic illustration of dimer on gold substrate
and tip position. The center of the tip is represented by
white dots. The grid on the substrate represents the cells
in DDA. The incident direction of the laser shifts from posi-
tive to negative on the y-axis at an incident angle of 70◦ and
p-polarization. (b) Photoinduced force spectra. The lines rep-
resent the dimer, and each tip position is shown in (a). As the
tip moves away from the dimer, the peak corresponding to the
AA state becomes smaller, whereas the peaks corresponding
to the AB and FB states appear strongly in the range 2.8 - 4.2
nm. (c) Vector map of response field around tip. The color of
the vectors represents the magnitude of the response field in
the absence of the dimer. (d) When the dimer is just under
the tip, the AA state can be excited. (e) When the dimer is
away from the tip, the FB state can be excited owing to the
gradient of the field. (f) The AB state can be excited by the
appearance of the lateral component of the field.
A. PiFM spectra of dimer
We calculated the photoinduced force spectra of the
dimer to reveal the PiFM measurement for the allowed
and forbidden transitions. We illustrate the calculation
model in Fig. 6(a). The dimer is on the gold substrate,
and the white dots represent the center of the tip. The
incident direction of the laser shifts from positive to neg-
ative on the y-axis at an incident angle of 70◦ and p-
polarization. The tip is just 1 nm above the dimer. Fig.
6(b) represents the photoinduced force spectra for the
different positions of the tip illustrated in Fig. 6(a). The
colored solid lines represent the dimer. As the tip moves
away from the dimer, the peaks corresponding to the AA
state become smaller. In contrast, the peaks that corre-
spond to the AB and FB states appear around the tip
position 2.8 - 4.2 nm; nevertheless, they are observed at
0 nm. This can be explained by the structure of the
electric field response. Fig. 6(c) shows the spatial dis-
tribution of the response electric field vectors around the
tip without the dimer. Here, we show the case of a 2.0 eV
photon energy of the laser. Owing to the wide range of
plasmon resonance peaks, the vector field hardly changes
with a difference of a few tens of meV. Because the z-
component of the LSP field is strongly enhanced at the
nanogap between the tip and the substrate, the AA state
can be excited just under the tip (Fig. 6(d)). Contrarily,
because of the steep electric field gradient, the FB state
can be excited around the tip. Owing to the shape of
the tip, the lateral component of the LSP field appears,
which is why the AB state can be excited at 1.4 nm or
more.
B. PiFM images of dimer
We showed that the excitation selectivity of the dimer
depends on the spatial structure of the localized response
electric field. We obtained different PiFM images of the
dimer with the incident photon energies corresponding to
each transition state. In this section, we show that the
PiFM images reflect the spatial structure of the intensity
and polarization of the localized response field.
First, the PiFM image for the AA state is shown in
Fig. 7(a). The AA state excitation can be understood
in terms of the LWA and depends on the intensity of
the electric field in the perpendicular direction with re-
spect to the direction in which the dimers are aligned
(i.e., E⊥ ≡ (0, Ey, Ez)), as shown in Fig. 6(d). The
intensity of the electric field E⊥ distribution on the sub-
strate around the tip is shown in Fig. 7(d), where the
tip position is represented by the yellow dashed line cir-
cle. The incident photon energy is ~ω = 2.0 eV; however,
the metallic structure without any nanoparticles creates
a wide range of plasmon resonance peaks, and hence, it
hardly changes with the change of the photon energy by
a few tens of meV. In the PiFM system, the response
electric field is remarkably enhanced and localized in the
z-direction, which is the direction of the gap between the
tip and the substrate. The electric field is slightly dis-
torted owing to the asymmetry caused by the incident
direction of the laser (y-direction). This is reflected in
the PiFM image (Fig. 7(a)).
Subsequently, in Fig. 7(b), we show the PiFM image
for the FB state. Considering the dipole structure of the
dimer, E⊥ elements contribute to FB state excitation as
well as the AA state, as shown in Fig. 6(e). However,
this is a plasmonic phenomenon beyond the LWA, and it
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FIG. 7. (a), (b), and (c) depict PiFM images of the dimer
for AA, FB, and AB states, respectively. The dimer is rep-
resented by green squares. (d), (e), and (f) represent the
response field distributions under the tip that is absent from
the dimer. The incident photon energy is ~ω = 2.0 eV. In the
absence of the dimer, the metallic structure creates a wide
range plasmon resonance peaks, which hardly changes with a
difference of a few tens of meV. The yellow dashed line circles
represent the tip position and diameter. (d) is the intensity
of the z-component of the field, (e) is the x-direction gradient
of the z-component of the field, and (f) is the intensity of the
x-component of the field. The incident direction of the laser
shifts from positive to negative on the y-axis at an incident
angle of 70◦ and p-polarization.
occurs owing to the steep gradient along the x-direction
of the electric field E⊥ on the size scale of the dimer, that
is, ∂E⊥/∂x, as shown in Fig. 7(e). This effect results in
the PiFM image around the dimer, as shown in Fig. 7(b).
Because of the size of the dimer itself, the dimer feels a
certain electric field gradient, even just below the tip.
Finally, the PiFM image for the AB state is shown in
Fig. 7(c). AB state excitation is a phenomenon that
occurs in the LWA. However, in contrast to AA and FB,
it is contributed by the electric field in the direction of
the dimer alignment (i.e., E‖ ≡ (Ex, 0, 0)), as shown in
Fig. 6(f). In PiFM, the electric field in the z-direction,
which is the direction of the gap, is remarkably enhanced,
as mentioned above. Because the bottom of the tip is
relatively flat, the horizontal component of the electric
field is hardly induced just under the tip. However, the
horizontal electric field is generated away from the nadir
of the tip owing to the inclination of its curved surface.
We show the distribution of the intensity of the electric
field of E‖ in Fig. 7(f). This distribution is reflected in
the PiFM image shown in Fig. 7(c).
We assumed a tip diameter of 19 nm and stated that
the resolution was approximately 10 nm. However, in
the PiFM measurement of the dimer, the PiFM images
can provide information on localized electric field struc-
tures beyond the resolution determined by the tip ra-
dius. As described above, PiFM is a unique optical mi-
croscope that not only reveals the geometrical structure
and optical property of the sample but also provides the
three-dimensional structure of the localized electric field,
including spatial distribution and polarization based on
the microscopic interaction between the localized electric
field and the sample at the nanometer scale.
V. SUMMARY AND CONCLUSION
We theoretically analyzed the photoinduced force mea-
surement on nanoparticles by PiFM. The interaction be-
tween the polarization of nanoparticles and the LSP in-
duced at the metal nanogap between the gold tip and
gold substrate are self-consistently considered, yielding
the total response electric field by the DDA. We clari-
fied that PiFM exhibits high sensitivity to the resonance
energy of nanoparticles. We obtained the PiFM images
of nanoparticles on the gold substrate. Because of the
high sensitivity to the resonance energy, different PiFM
images can be obtained by tuning the wavelength of the
incident laser. Even if different kinds of nanoparticles ex-
ist beyond the resolution determined by the tip diameter,
PiFM allows the differentiation of these nanoparticles de-
pending on their spectral sharpness.
In this study, we simulated the PiFM measurement for
a dimer molecule. Forbidden optical transition excita-
tions are observed by PiFM. The near-field is induced at
the nanogap between the PiFM gold tip and gold sub-
strate. The three-dimensional structure of the near-field
can excite various optical transitions, including transi-
tions forbidden under LWA. When the dimer is just un-
der the tip, the polarization of the near field is directed
to the gap mode and allowed antibonding (AA) transi-
tion to be excited. Around the tip, the steep electric field
gradient enables the forbidden bonding (FB) transition
excitation. Further, owing to the tip shape, the lateral
component of the polarization of the near field appears,
which makes it possible to excite the allowed bonding
(AB) transition. Owing to PiFM sensitivity, the PiFM
images corresponding to the respective transitions are ac-
quired completely differently, and they reflect the three-
dimensional structure of the near-field PiFM images for
AA, FB, and AB corresponding to the vertical compo-
nent, the lateral gradient of the vertical component, and
the lateral component of the near field, respectively.
Unlike other microscopy techniques, such as SNOM6,
8TERS37, and TPL13, PiFM does not require a photo-
signal propagating to detectors, but measures the in-
duced force between the dipoles of the sample and probe.
Therefore, this method does not suffer from any signal at-
tenuation during its propagation. This feature enables a
significantly higher resolution compared with other op-
tical microscopes. Unlike conventional atomic force mi-
croscopes, PiFM can acquire information on electroni-
cally excited states through the observation of induced
polarization that directly reflects three-dimensional spa-
tial structures of the electric field in the vicinity of the
samples. A particularly notable point is the possibility
of observing optically forbidden transitions. If we make
complete use of the degrees of freedom of light, includ-
ing the frequency, polarization, and wavevector, we can
obtain multifaceted information on microscopic interac-
tion between nanomaterials and light. In our previous
study20, we revealed that a picocavity effect38 plays an
essential role in the high resolution of PiFM, where we
used the multi-sized cell DDA method developed in4 to
consider the atomic-scale spatial structures on the tip and
sample. In the present study, we did not use this method
to conduct the study with wide parameter regions, avoid-
ing the heavy computational load. However, in a follow-
ing study, we will use the multi-sized cell DDA combined
with elaborated calculations of electronic states of molec-
ular systems to demonstrate what we can see by the ob-
servation of a single molecule with PiFM, which would
reveal the potential capability of PiFM to observe the
excitation processes of molecular systems.
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